Introduction
Idiopathic pulmonary fibrosis (IPF) is characterized by injury with loss of lung epithelial cells and abnormal tissue repair, resulting in abnormal accumulation of fibroblasts and myofibroblasts, deposition of extracellular matrix (ECM) and distortion of lung architecture, leading to respiratory failure (1) . Clinically, IPF is characterized by progressive, exertional dyspnea and nonproductive cough, worsening of pulmonary function and radiographically-evident interstitial infiltrates. Due to the lack of a more effective alternative, the fundamental therapeutic approach has been the use of corticosteroids, alone or in combination with other immunosuppressive agents; however, this has had little impact on long-term survival (2, 3) .
With the development of cell biology and molecular biology, it has been demonstrated that alveolar macrophages (AMs) play a key role in the pathogenesis of IPF by virtue of their ability to release a variety of cytokines and inflammatory mediators (4, 5) . Many of these cytokines exert their biological function through the janus kinase/signal transducers and activators of the transcription (JAK/STAT) pathway (6, 7) . The importance of the JAK/STAT pathway has been established by the disruption of genes encoding STATs (8) . The first discovered STAT protein was STAT1, which correlated with immunity and inflammation. Several studies showed that STAT1 correlated with the occurrence and development of inflammatory and immune diseases (9) (10) (11) (12) .
In our previous study, we found that there was abnormal STAT1 activation in the AMs of rats with bleomycin (BLM)-induced pulmonary fibrosis based on nuclear transportation of STAT1, which led to up-regulation of STAT1-dependent immune response gene ICAM-1 expression. The latter induced the accumulation and activation of several types of inflammatory cells in lung tissue. The cytokines released by inflammatory cells, in turn, activated STAT1 and increased further release of cytokines. This positive feedback may lead to alveolitis and pulmonary fibrosis. Furthermore, it has been demonstrated that STAT1 antisense oligodeoxynucleotide (ASON) targeting AMs in vitro inhibit the expression of STAT1 mRNA and protein in the AMs of BLM-induced rat pulmonary fibrosis. We also found that STAT1 ASON could attenuate the release of proinflammatory cytokines, including TNF-, IL-8 and NO in AMs, and can inhibit lung fibroblast proliferation and hydroxyproline secretion (13, 14) . Our previous study proved that the STAT1 ASON delivered by aerosol to rat lungs could depress the expression of STAT1, ICAM-1 mRNA and protein in the AMs and could decrease the concentrations of TGF-, PDGF and TNF- in bronchoalveolar lavage fluid (BALF) in BLM-induced rat pulmonary fibrosis (15) . In this study, our purpose was to determine the effect of STAT1 ASON on the expression of TNF-, IFN-γ in BALF and TGF-, PDGF-A, Smad4, STAT1, ICAM-1, and collagen in lung tissues in BLM-induced rat pulmonary fibrosis, and to evaluate its anti-fibrosis effect. Our data showed that (I) aerosolized STAT1 ASON could alleviate the extent of alveolitis and fibrosis; (II) STAT1 ASON did reduce the concentration of TNF-, and did inhibit the decline of IFN-γ concentration in BALF; (III) STAT1 ASON prevented the increase of the expression of PDGF-A, TGF-, Smad4, STAT1 and ICAM-1 in lung tissues; (IV) STAT1 ASON decreased the levels of hydroxyproline and type I and type III collagen mRNA in lung tissues.
Materials and Methods

Design and synthesis of STAT1 ASON
According to the theory of designing ASON and the analysis of STAT1 functional domain, we designed phosphorothioated STAT1 ASON, and then synthesized it by Sangon Biotechnology Engineering Company of Shanghai (Shanghai, China). The sequence for STAT1 ASON is 5'-GAAGCTCG TACCACTGCGACATCC-3'. The synthesized oligodeoxynucleotides were purified by HPLC, and stored at -20°C.
Incubation of liposome with STAT1 ASON
Complexes were formed by incubating a 1:1 ratio of the liposome (400 g) with STAT1 ASON (400 g) for 30 min at room temperature in sterile saline (final volume 3 ml for one rat).
Aerosolization
The mode of aerosolization was performed as previously described (16) , and was ameliorated in this study. In brief, in order to restrict rat movement, the animals were confined in plastic bottles with the heads extending from the tops of the bottles. The open extremity of the Ultrasonic nebulizer tube was aimed at the nose of the rat. In this manner, all STAT1 ASON/liposome particles were forced down the tube past the rat's nose for optimal inhalation effect during respiration. Three milliliters of STAT1 ASON/liposome complexes, or normal saline (NS), were respectively administered by nebulization for 45 min using a nebulizer, model WH-802 (Yue Hua, China), for every 3-5 min of aerosolization, with intervals of 1-2 min.
Animals and treatment
Forty-five adult female Wistar rats were randomly divided into three groups: the BLM group, the ASON group, and the NS group. The BLM group and the ASON group were intratracheally instilled with BLM, while the NS group was intratracheally instilled with a 0.9% NaCl solution. After the rats were anaesthetized (Ketamine anaesthesia) and fixed, tracheostomies were performed on them to facilitate the intratracheal instillation of 0.2-0.3 ml 0.9% NaCl solution or of BLM-A5 (0.5 mg/100 g body weight) in 0.2-0.3 ml of 0.9% NaCl solution while rotating the rats in an upright position to facilitate the thorough and even distribution of the drug in the lungs. After intratracheal administration, the NS group and the BLM group were aerosolized with NS, while the ASON group was aerosolized with phosphorothioated STAT1 ASON/liposome complexes on days 0, 2, 4 and 6. Each group was again divided into three subgroups, which were sacrificed on days 7, 14, and 28.
Bronchioalveolar lavage (BAL) and cell analysis
The rats were sacrificed by exsanguination from the right ventricle under ketamine anaesthesia, and then BAL was performed. The left lung was ligated at the hilus and a small plastic tube was inserted into the trachea and placed in the right main bronchus. The tube was attached to a 10 ml syringe, and 40 ml (in 5 ml, aliquots) of sterile phosphate buffer saline (PBS) at 37°C was instilled. The fluid was retrieved by gentle aspiration after each infusion, filtered through a double-layered sterile gauze on crushed ice, and then centrifuged at 4°C at 400 g for 15 min, and the supernatant was removed. The cell pellet was resuspended in PBS and the total number of lavage cells was counted using a hemocytometer and differential counts of lavage cells were made from Cytospin slides stained with Wright-Giemsa by viewing at least 200 cells using standard light microscopy. The results were presented as a percentage of cells.
ELISA for determining TNF- and IFN-γ in BALF
BALF was thawed at room temperature and condensed ten times by lyophilization, and then added to wells of flat bottom microtiter plates coated with murine mAb to rat TNF-. After incubation of the samples and thorough washing of the wells, HRP-conjugated anti-TNF- antibody was added to the test wells. After a second incubation, the excess HRP-conjugated antibody was removed by washing. The HRP substrate was then added, and the color intensity was measured with a microtiter plate reader. An assay for IFN-γ was prepared in a similar way, following the manufacturer's instructions.
Lung histology
After BAL, the right lung was frozen immediately and stored in liquid nitrogen until needed and 4% polymethylaldehyde was instilled into the left lung trachea. The left lung tissues were then put into 4% polymethylaldehyde to be fixed, resected from three locations, paraffin-embedded, sectioned into 5 m-thick slices, and stained with hematoxilin-eosin (HE) and Masson. The degree of alveolitis and fibrosis was further evaluated according to the standard described previously (17, 18) .
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Hydroxyproline measurement To quantify collagen deposition, hydroxyproline content was measured according to the literature (19) . In brief, a minced lung was homogenised in 6 N HCl and hydrolysed at 125°C for 16 h. The sample volume was adjusted to 10 ml with sterile water. Each 0.1 ml aliquot of the sample solution was added to 0.5 ml citric acid buffer and 1 ml 1.4% chloramine T, and then incubated at room temperature for 6 min. Then 1 ml 3.15 M perchloric acid was added and incubated for 5 min, followed by the addition of 1 ml 10% p-DMAB solution. After incubation at 80°C for 10 min, absorbance was measured at 560 nm with a spectrophotometer. The amount of hydroxyproline was determined by comparison with a standard curve prepared from known concentrations of the hydroxyproline reagent.
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis
The total RNA was isolated from the lung tissue using the Trizol reagent. Then an RT-PCR analysis was performed using a QuantiTect one-step RT-PCR Kit, following the manufacturer's instructions. One g of RNA was mixed with 10 l of 5× RT-PCR buffer, 0.6 mM of each primer, 2 l dNTP, 2 l RT/Taq Mix, in a final volume of 50 l. The PCR reactions were as follows: cDNA synthesis: 30 min at 50°C; PCR: predenaturation, 95°C for 15 min; denaturation, 94°C for one minute; annealing, 62°C for one minute, extension: 72°C for 15 min for 30 cycles. Type I collagen sense primer: 5'-TGC CGT GAC CTC AAG ATG TG-3', antisense primer: 5'-CAC AAG CGT GCT GTA GGT GA-3'; type III collagen sense primer: 5'-CCA CCC TGA ACT CAA GAG C-3', antisense primer: 5'-TGA ACT GAA AGC CAC CAT T-3'; GAPDH sense primer: 5'-TCA ACG GCA CAG TCA AGG-3', antisense primer: 5'-GCA TCA AAG GTG GAA GAA T-3'. All samples were subjected to RT-PCR housekeeping gene GAPDH as a positive control and as an internal standard. PCR products were resolved on 2% agarose gels in 1× Tris-Acetic acid-EDTA (TAE) buffer, visualized by ethidium bromide, photographed using a gel labwork 4.5 system, and analyzed by densitometry.
Immunohistochemical analysis of STAT1, Smad4, PDGF-A, TGF- and ICAM-1 protein in lung tissues
The lungs were obtained from each group of animals on days 7, 14, and 28 under ketamine anesthesia. Tissue samples were fixed immediately in 4% paraformaldehyde at 4°C overnight, embedded in paraffin, and cut into 5 μm sections. Specimens were heated for 1 h at 60°C and rehydrated. Endogenous peroxidase activity was blocked with 0.3% H 2 O 2 and sodium azide (1 mg/ml) for 10 min. Non-specific protein binding was blocked by incubation in 10% goat serum for 10 min. Sections were respectively incubated with anti-rat STAT1 monoclonal antibody (1:100 dilution), anti-rat Smad4 mAb (1:100 dilution), anti-rat TGF- mAb (1:100 dilution), anti-rat PDGF-A mAb (1:150 dilution) or anti-rat ICAM-1 mAb (1:150 dilution) overnight at 4°C. Sections were rinsed three times for 5 min each in PBS before incubation with horseradish peroxidase (HRP)-labeled anti-mouse IgG or anti-rabbit IgG (1:100 dilution) for 1 h, and then rinsed again with PBS three times for 5 min each. Slides were incubated for 10 min in a medium containing 50 mmol/L Tris-HCl buffer, 0.02% (wt/vol) DAB, and 0.01% H 2 O 2 . Chromogenic reaction was terminated with water followed by hematoxylin counter staining. The sections were examined under the Leica imaging microscope (Leica, Germany) using ×20 to ×40 objectives. Images were acquired with Leica camera (Leica). Immunohistochemical staining was analyzed by the image Pro-Plus 5.1 microscope image analysis system, using integrated optical density (IOD).
Statistical analysis
Data were presented as mean ± SEM. One-way analysis of variance followed by a Dunnett test was used to determine significant differences between two groups. A probability value of p  0.05 was considered statistically significant.
Results
Histopathological features of lung tissues
In the NS group, there were no signs of septal oedema, inflammation, or fibrosis in the alveolar structure. In the BLM group, on day 7, the alveolar septa were markedly oedematous and thickened, accompanied by infiltration of inflammatory cells, fibrotic changes appeared, and alveolar spaces became smaller in the focal region of the lesions. On day 14, cellular infiltration was still present, along with proliferating fibroblasts, thickened alveolar walls, increasing deposition of collagen. The destruction of alveolar structure and patchy fibrosis was apparent. On day 28, inflammatory changes had gradually subsided; remarkable destruction of alveolar structure had appeared; and most alveolar spaces were reduced due to the accumulation of collagen and fibroblasts. Histopathological changes in the ASON group revealed minimal amount of collagen content in the lung parenchyma and a reduced number of cells. According to the standard described previously (17, 18) , in comparison with the BLM group, the alveolitis and fibrosis scores in the ASON group indicated that these conditions were significantly reduced (Figures 1 and 2 ).
The total number of cells and differential counts of cells in BALF
The total number of cells in BALF obtained from the NS group was about 10 × 10 ASON group was higher than that in the BLM group, and at various times, the percentage of PMNs in the ASON group was lower than that in the BLM group. However, there were no significant differences in the LYM analysis between the ASON group and the BLM group (Figure 3) .
Expression of type I and type III collagen mRNA in lung tissue
The mRNA levels of type I and type III collagen were measured by RT-PCR on days 7, 14, and 28. Minimal levels of type I and type III collagen were detected in the NS group. But compared with the NS group, the mRNA levels of type I and type III collagen in the BLM group were markedly increased. They peaked on day 7, and then gradually declined on days 14-28. Compared with the NS group, expression levels of type I and type III collagen mRNA in the ASON group were also increased; however, they had increased to a lesser extent than those of the BLM group (Figure 4 ).
Hydroxyproline content in lung tissues
Collagen content of lung tissues was assessed by the hydroxyproline assay. The concentrations of hydroxyproline in lung tissue in BLM group were significantly higher than those in NS group. Compared with the BLM group, hydroxyproline content in ASON group was significantly reduced. However, compared with the NS group, hydroxyproline content in ASON group was higher ( Figure  5 ).
The effect of STAT1 ASON on IFN-γ and TNF- in BALF
The concentrations of IFN-γ and TNF- in BALF were measured using ELISA. As shown in Figure 6 , the concentration of IFN-γ in BALF in the BLM group was lower than that in the NS group, while the concentration of IFN-γ in BALF in the ASON group on day 14 and 28 was lower than that in the NS group. The concentration of TNF- in BALF in the ASON group and in the BLM group was higher than that in the NS group. Compared with the BLM group, the concentration of TNF- in BALF in the ASON Compared with the NS group, the scores of alveolitis in both the BLM group and the ASON group at different time points showed a significant increase (*p < 0.05). However, compared with the BLM group, the scores of alveolitis in ASON group on days 7 and 14 showed a significant decrease ( # p < 0.05). Hence, comparison of the scores of alveolitis revealed that STAT1 ASON ameliorated alveolitis that occurred on days 7 and 14. (B) Compared with the NS group, the scores of fibrosis in both the BLM group and the ASON group at different time points showed a significant increase (*p < 0.05). However, compared with the BLM group, the scores of fibrosis in ASON group at different time points showed a significant decrease ( # p < 0.05). Hence, comparison of the scores of fibrosis revealed that STAT1 ASON ameliorated fibrosis.
group was significantly reduced, while the concentration of IFN-γ in BALF in the ASON group was higher than that in the BLM group ( Figure 6 ).
Expression of PDGF-A, ICAM-1, STAT1, TGF- and Smad4 in lung tissues
In the NS group, TGF-, STAT1, PDGF-A, ICAM-1, and Smad4 in lung tissues were weakly expressed by the alveolar epithelium and the AMs. The presence of the above proteins was remarkably up-regulated in the BLM group on day 7, and then gradually declined on days 14 and 28. However, after the rats were treated with ASON, the expressions of TGF-, STAT1, PDGF-A, ICAM-1, and Smad4 in lung tissues were much less prominent in intensity than those present in the rats in the BLM group at days 7, 14, and 28. Compared with the NS group, the expressions of TGF-, STAT1, PDGF-A, ICAM-1, and Smad4 in lung tissues in the ASON group were also increased ( Figures 7 and 8) 
Discussion
IPF is an incurable disorder with a poor prognosis. The molecular mechanisms that lead to pulmonary fibrosis are poorly understood. AMs have been demonstrated to play a key role in the pathogenesis of IPF by releasing a variety of 
D Figure 4. RT-PCR results of type I collagen (A and C) and type III collagen (B and D).
The expressions of type I collagen and type III collagen mRNA in lung tissues were detected by RT-PCR. Both type I collagen and type III collagen expression data were normalized to GAPDH expression. Data are expressed as the mean ± SEM (n = 5). The expressions of type I collagen and type III collagen mRNA in the ASON group were higher than those in the NS group (*p < 0.05), but lower than those in the BLM group ( # p < 0.05).
cytokines and inflammatory mediators (4, 5) . Our previous study indicated that abnormal STAT1 activation in AMs might play a pivotal role in the process of alveolitis and pulmonary fibrosis. In the present study, we found that STAT1 ASON could alleviate alveolitis and fibrosis, attenuate the expression of cytokines, including TGF-, PDGF, STAT1, Smad4, and ICAM-1 in lung tissues, attenuate the concentration of TNF- in BALF, suppress the decrease of the concentration of IFN-γ in BALF, and inhibit the expressions of type I and type III collagen mRNA in lung tissue in BLM-induced rat pulmonary fibrosis. ICAM-1 is one of the STAT1-dependent immuneresponse genes. The mechanism of increasing ICAM-1 expression by STAT1 activation is apparent. STAT1 ASON decreased STAT1 expression, and the inhibition of STAT1 led to the down-regulation of STAT1-dependent immuneresponse gene ICAM-1 expression. The decreased ICAM-1 expression abated the accumulation and activation of several types of inflammatory cells in lung tissues and also decreased the release of inflammatory mediators in these inflammatory cells. Hence, reduction of TGF-, PDGF in lung tissues and TNF- in BALF is possibly seen as a result of the reduction of the infiltration of inflammatory cells and as a result of the decreased release by these inflammatory cells. It is also possibly seen as a result of the down-regulation of the STAT1 signaling pathway, which has been shown to be involved in cytokine effects on immunity and inflammation (9) (10) (11) (12) . Accordingly, the decreased inflammatory mediators, in turn, decreased infiltration of inflammatory cells. Such positive feedback effect may lead to the lessening of alveolitis. However, some studies indicated that STAT1-deficient (STAT1 -/-) mice exhibited more severe pulmonary fibrosis compared with wild-type STAT +/-mice (20) . STAT1 is considered to protect the lungs against the progression of fibrosis after BLM injury, which is due to the growth arrest/apoptosis function of this transcription factor. Moreover, IFN-γ exerts a promitogenic effect on fibroblasts in the absence of STAT1. Unlike STAT1-deficiency (STAT1 -/-) that completely prevents the expression of STAT1, STAT1 ASON could only partly inhibit the expression of STAT1. Taken together, we suggest that STAT1 has dual effects in pulmonary fibrosis: STAT1 can induce the expression of STAT1 itself, and the over-expression of STAT1 could aggravate acute injury and inflammation during initial lung injury stages and could thereby worsen fibrosis; but the proper expression of STAT1 is necessary to play a biological anti-fibrotic role for cytokine signal and normal immune responses. In the present study, on the one hand, STAT1 ASON inhibited the over-expression of STAT1. This effect was beneficial to alleviate acute injury and inflammation, so as to ameliorate pulmonary fibrosis. On the other hand, the normal function of STAT1 was not inhibited, which was enough to exert a biological anti-fibrotic role.
As we all know, TGF- and IFN-γ exert antagonistic effects upon collagen synthesis. TGF- is well known to be the principal factor that induces collagen gene expression, especially type I and type III collagen, and leads to tissue fibrosis through the cellular Smad signal transduction pathway (21) (22) (23) . Smad2 and Smad3 are direct substrates of the TGF- receptor kinase, and interact with Smad4, which serves as a common signal mediator. In contrast, it has been suggested that IFN-γ-induced STAT1 signal negatively regulates collagen gene transcription (24) . IFN-γ abrogates the TGF-/Smad signaling by inducting the level of Smad7. Induction of Smad7 by IFN-γ is JAK/STAT1-dependent. At the same time, several studies have revealed the existence of JAK-or STAT1-independent IFN-γ signal pathway (25) (26) (27) . Recent studies reported a novel mechanism for IFN-γ/CK2-mediated transcription regulation (28, 29) . In the present study, it is difficult to explain that IFN-γ inhibited collagen deposition resulted from the inhibition of the JAK/STAT signaling pathway. We consider that although the over-expression of STAT1 is suppressed by STAT1 ASON, the unsuppressed expression of STAT1 is also enough to exert its biological function. Recent studies have proven that the inhibition of the STAT1 signaling pathway prevented the high glucose-induced increase in TGF- and fibronectin synthesis (30) .
Accumulating evidence suggest that pulmonary fibrosis is a consequence of TNF- expression in the lungs. Most TNF- is produced by activated macrophages after completion of a series of reactions: precursor differentiation, priming, and a trigger reaction. The cytokine priming and trigger signals from the basis of a regulatory system that sets the threshold and determines the onset of macrophage effect or activity. Therefore, TNF- could trigger not only an initial acute inflammatory response to tissue damage, but could provide chronic inflammatory signals that would exceed the de-activation of thresholds of fibrotic mechanisms and lead to uncontrolled wound healing. TNF- exerts its effects through activation of TNFR1/2, which leads to a rapid activation of the JAK/STAT pathway. Some studies show macrophages produce TNF-, depending on IFN-γ, which activates macrophages, and which has been believed to use the JAK-STAT pathway (31) . In the present study, the concentration of TNF- in BALF in rat pulmonary fibrosis treated by STAT1 ASON was decreased, and less expression of TNF- at an early stage would cause less acute inflammation and prevent chronic inflammation.
Another important fibrogenic mediator, PDGF, induces fibroblast chemotaxis, and fibroblast proliferation, and promotes fibroblast-mediated tissue matrix contraction (32) . It can also stimulate the production of ECM components, such as fibronectin and type I and type III collagen. A link between STAT signaling and PDGF gene expression has not been established. Some authors suggested that the JAK-STAT pathway contributes to PDGF-induced mitogenesis, because inhibition of the STAT kinases Src and the JAK kinases blocked PDGF-induced proliferation (33) . However, in the present study, we observed that STAT1 ASON inhibited the expression of PDGF-A in lung tissues, which may have resulted from down-regulation of the STAT1 signaling pathway and lessened alveolitis. In BLM-induced pulmonary fibrosis, collagen synthesis increases and its degradation decreases. In our previous study, STAT1 ASON was shown to reduce lung fibroblast proliferation and hydroxyproline secretion in vitro. In the present study, after rats were aerosolized with ASON targeting STAT1, expression of type I and type III collagen mRNA and hydroxyproline secretions were decreased, and fibrotic lesions and collagen deposition in lung tissue were significantly attenuated, which resulted from the reduced alveolitis and the reduced release of inflammatory cytokines because of the inhibition of the STAT1 signaling pathway.
In conclusion, our research demonstrated that aerosolized STAT1 ASON could alleviate the extent of alveolitis and fibrosis, reduce the release of inflammatory cytokines and fibrogenic mediators such as TNF-, PDGF-A, TGF-, and decrease the expression of type I and type III collagen mRNA and hydroxyproline secretion. All results are due to down-regulation of the STAT1 signaling pathway and the interaction of cytokines. Aerosolized STAT1 ASON might be considered as a promising new strategy in the treatment of pulmonary fibrosis.
